Surfing motility is a novel form of surface adaptation exhibited by the nosocomial pathogen, 17 Pseudomonas aeruginosa, in the presence of the glycoprotein mucin that is found in high 18 abundance at mucosal surfaces especially the lungs of cystic fibrosis and bronchiectasis patients.
Intrinsic resistance refers to the bacterium's natural qualities that allow it to evade the effects of regions of surfing colonies namely the thick white edge and blue-green centre compared to 139 swimming cells grown in SCFM medium without mucin. In total, there were 1,467 genes 140 dysregulated in the edge and 2,078 genes in the centre, with 816 genes commonly dysregulated 141 between the two. To examine the possibility that adaptive resistance during surfing motility was 142 due to the dysregulation of genes that influence resistance, literature searches were conducted. 143 This revealed 119 genes that when mutated led to increased susceptibility (intrinsic resistance 144 genes) and 252 genes that when mutated mediated antibiotic resistance; collectively these form 145 the resistomes for various antibiotics (16) (17) (18) (19) (20) (21) (22) . Among the resistome genes, 65 were identified, 146 through RNA-Seq gene expression data from surfing cells, that matched the direction of 147 dysregulation of expression levels expected if they were to have a potential role in surfing 148 mediated resistance. Available transposon mutants of these 65 resistome genes were tested for 149 changes in susceptibility to certain antibiotics.
150 Table 2 shows the resistome genes dysregulated in the edge and/or centre for which 151 transposon mutant showed a change in susceptibility to at least one of the 5 tested antibiotics 152 based on an initial disk diffusion assay. Several of these genes showed a change in susceptibility 153 to more than one antibiotic, possibly illustrating a contribution to broad-spectrum resistance. The 154 mean zone of inhibition measurements are presented in Table S1 . Five of the tested mutants, 155 recG, ddaH, armR, nalC, and PA3667, were similarly dysregulated in the centre and 156 edge of a surfing colony, with recG and ddaH both up-regulated and armR, nalC, and PA3667 157 down-regulated. Complements of selected resistome mutants showed that this broad-spectrum 158 effect could be significantly reversed either partially, completely or excessively (Table 3) , and 159 that overexpression of some of these genes also revealed a change in susceptibility to other 160 antibiotics as shown in Table 3 . RT-qPCR data (Table S2 ) verified the direction of dysregulation shown in the RNA-Seq data for selected resistome genes.
162

Discussion
163
P. aeruginosa is a highly adaptable organism that exhibits diverse lifestyles from 164 coordinated forms of motility like swarming to community-based sessile structures like biofilms.
165
Previously we described a new form of P. aeruginosa motility known as surfing under artificial 166 cystic fibrosis-like conditions where the mucin content is high (12). Here we demonstrated that 167 this novel form of motility is associated with multidrug adaptive resistance and is a complex 168 adaptation influencing expression of hundreds of genes. Both disk diffusion and antibiotic 169 incorporation assays revealed that cells undergoing surfing were significantly more resistant to 170 multiple antibiotics compared to swimming, and the same concentrations of antibiotics that 171 completely abolished swimming were found to be much less effective against surfing. MIC 172 assays revealed that the observed phenomenon was dependent on surface growth associated with 173 surfing adaption and not merely due to the presence of mucin. To explain the mechanisms behind 174 surfing-mediated resistance, we explored the contribution of resistome genes found to be 175 dysregulated in surfing through RNA-Seq and transposon mutant screens. In total, 36 resistome 176 genes we identified as dysregulated under surfing conditions and that exhibited a change in 177 susceptibility to certain antibiotics when mutated.
178
Swarming is another complex form of motility exhibited by P. aeruginosa found to be 179 involved with major transcriptional changes (11, 23), substantially distinct from the 180 transcriptional profile of surfing cells. Swarming has also previously been shown to be resistant 181 to multiple antibiotics including polymyxin B, ciprofloxacin, and gentamicin, and pvdQ mutants 182 influenced swarming-specific resistance (11, 23) . Here surfing was also found to be associated 183 with resistance against these same antibiotics and many others. Among the resistome genes identified in this study to be dysregulated under surfing conditions that showed contributions to 185 adaptive antibiotic resistance, pchF (11, 24), atpB, ccoO1, and PA4429 (24) were also shown to 186 be dysregulated under swarming conditions (11, 24) . These 4 genes were found to be down-187 regulated in the surfing centre compared to swimming cells, and their mutant variants showed an 188 increase in resistance to norfloxacin, tobramycin, and/or polymyxin B raising the possibility that 189 there might be some mechanistic overlap in adaptive resistance between swarming and surfing 190 cells as part of their complex adaptations.
191
Among the 36 resistome genes for which mutants showed a change in susceptibility to 192 certain antibiotics, there were 5 that showed the same direction of dysregulation (i.e. both down and thioredoxin reductase (trxB) involved in stress coping mechanisms (25).
203
There were 3 genes, armR, nalC, and PA3667, that were down-regulated in both regions of 204 the surf colony. NalC is known to negatively regulate the expression of armR, and ArmR inhibits 205 MexR's DNA binding activity (26, 27) . MexR negatively regulates expression of the mexAB-206 oprM operon, which encodes for a major efflux pump in P. aeruginosa, intrinsically involved in broad-spectrum antibiotic resistance (26). ArmR allosterically binds to MexR to alleviate its for these 10 metabolic genes that were down-regulated at the centre of surfing colonies showed 231 an increased resistance to norfloxacin and/or tobramycin. Aminoglycosides are taken up by 232 energy dependent mechanisms (29), and reduced metabolic activities have previously been 233 shown in P. aeruginosa biofilms to contribute to resistance to tobramycin (30). Although 234 norfloxacin has been shown to affect animal metabolism through interactions with cytochrome 235 P450 (31), it has not been shown to affect metabolism in P. aeruginosa. Here we have 236 demonstrated that reduced expression levels of certain metabolic resistome genes in the surf 237 centre may contribute to adaptive resistance against tobramycin and/or norfloxacin. All screens and assays were done using the Pseudomonas aeruginosa UCBPP-PA14 (32) wild-244 type strain. All mutants used were derivatives of this strain and obtained from the PA14 245 Transposon Insertion Mutant Library (33). Complemented mutants were generated as follows. Table S3 were used to amplify the desired genes from strain PA14 247 genomic DNA. The amplified products were cloned into a TOPO vector using the Zero Blunt 248 TOPO PCR Cloning Kit (Invitrogen). TOPO vectors containing amplified product were digested 249 using two different enzymes, which differed depending on the gene of interest, and ligated into a 250 pUCP18 vector containing the lac promoter. Vectors containing the desired genes were then 251 transformed into their respective mutants.
246
PCR primers listed in
252
Disk diffusion assay
Disk diffusion assays were performed on synthetic cystic fibrosis media (SCFM) (34) prepared 254 as described by Palmer et al (2007) without ammonia with 0.3% agar and 0.4% (wt/vol) mucin 255 (surfing conditions), or with 0.3% agar without mucin (swimming conditions), or with 1.5% agar 256 without mucin (disk diffusion control/growth control). Bacterial strains were grown in Luria 257 broth (LB; Difco) liquid medium overnight then sub-cultured to mid-log phase (OD 600 =0.4-0.5).
258
To assay motility, mid-log cultures were spotted on agar surfaces at four points around an 259 antibiotic disk ( Fig S1) impregnated with 10uL of antibiotic at concentrations indicated in Table   260 S4. Agar plates were air-dried at 37°C for 30 min before inoculation and application of antibiotic 261 disks. Once inoculated, plates were incubated at 37°C for 15-18 hours. The zone of inhibition 262 surrounding the antibiotic disk was measured in millimeters using a ruler. In the case of 263 asymmetric zones of inhibition, the average of the four sides was taken. Disk diffusion controls 264 or growth controls were spread as lawns on plates and antibiotic disks were applied to the centre.
265
Data collected under surfing and swimming conditions was normalized to the growth control and 266 2-way ANOVA was used to determine if any significant difference existed between surfing and 267 swimming conditions. All statistical analysis was done using Graphpad Prism 7.
268
Antibiotic Incorporation Assay 269
Incorporation assays were done on SCFM (34) using 0.3% agar with 0.4% mucin (surfing 270 conditions) and 0.3% agar without mucin (swimming). Antibiotics were added into the agar 271 before solidification. Once hardened, plates were air-dried for 30 minutes at 37°C before being 272 inoculated with 1 µL of a sub-culture at an OD 600 =0.4-0.5. Plates were incubated at 37°C for 15-273 18 hours. Spot inoculation involved stabbing bacteria midway into the agar. The percentage of 274 area growth on the plates was measured using ImageJ. Two-way ANOVA was used to determine 275 if significant differences occurred between the two conditions (surfing and swimming) and between concentrations for surfing. 278 Liquid MICs were conducted as described by Wiegand et al. (2008) (20) . This assay was 279 performed in liquid SCFM (34) with and without 0.4% mucin. An inoculum of 2 to 7 x10 5 cells 280 was used. Significant differences between MICs were taken as a 3-fold or greater change.
277
Liquid Minimal Inhibitory Concentration (MIC)
281
RNA-Seq
282
PA14 was grown in liquid LB medium overnight and sub-cultured to an OD 600 =0.4-0.5. Mid-log 283 phase cultures were used to inoculate SCFM (34) surfing and swimming plates, prepared as were generated with htseq-count v2.5 (38). Differential expression analysis was performed using 298 DESeq2 (39). Fold-changes in surfing were calculated relative to swimming. Gene annotations were taken from the Pseudomonas Genome Database (40). 301 RNA was collected as described for RNA-Seq. Reaction samples were prepared using the 302 qScript one-step SYBR green RT-qPCR Kit (QuantaBio) with 5ng of RNA per 25µL reaction 303 amplified in a Roche LightCycler 96. Quantification analysis was done using the comparative Ct 304 method (41) using rpoD as the normalizing gene. All primers used for RT-qPCR are listed in 305   Table S3 . Table 3 . Complementation of selected resistome mutants that showed broad spectrum Significance analysis between surfing and swimming was done using two-way ANOVA. * p<0.5, ** p<0.01, *** p< 10 -3 , **** p<10 -4
300
RT-qPCR
